This powertrain model is to be integrated with other component models in an effort to produce a high fidelity simulation of the entire vehicle.
INTRODUCTION
The powertrain system model described in this paper was developed by the researchers in the Powertrain Control Research Laboratory (PCRL) at the University of Wisconsin-Madison for the U.S. Army's TACOM Automotive Research Center (ARC). The powertrain system model is to be integrated with other vehicle components in a complete vehicle simulation. These models were created using Simulink, a graphical programming package, from The Mathworks, Inc. By using a graphical programming environment, equations describing the dynamics of a component can be grouped together in a block, or module. These modules can then be coupled together to represent subcomponents. This is essential to satisfy the goal of integrating vehicle subcomponents which have been developed by different researchers into a single, comprehensive vehicle model [2] .
The PCRL previously developed powertrain models of the U. S. Army's M915/16 tactical vehicles [5] . Two other vehicles are also being used as case studies to verify the flexibility of the graphical-based powertrain models. The two vehicles are the HMMWV [4] and the M1A1 Abrams tank. The tank will be the focus of this paper.
There are two major modules in the physical powertrain of the M1A1: gas turbine engine and transmission module. There are also modules for the powertrain controller and vehicle dynamics. The powertrain system model has a hierarchical structure, as do all the powertrain models developed in the PCRL. Figure 1 shows the expanded gas turbine engine model. The models are grouped together to resemble the physical structure to prevent the user from being overwhelmed with too many details at any one level [5] . The subcomponents are grouped in intuitively understood groups. For example, by opening the gas generator, the user will find the gas generator compressors, combustor, and gas generator turbines.
AGT-1500 GAS TURBINE ENGINE
The AGT-1500 consists of a low pressure compressor driven by a low pressure turbine, a high pressure compressor driven by a high pressure turbine, and a work turbine which drives the engine's output shaft. The AGT-1500 turbine output shaft's speed is reduced by a gearbox. This reduces the work turbine's approximate 26600 rpm maximum angular speed to an output shaft maximum speed of 3500 rpm. The output shaft of the gear reduction drives the torque converter.
There are currently two engine models of the AGT-1500, a two-dimensional torque-speed map and a full dynamic model using a combination of "QuasiSteady" and "Filling and Emptying" models [1] .
The torque-speed map is based on performance data obtained from TACOM. The inputs to the map are the engine's speed and throttle position, and the engine torque is derived from the two-dimensional look-up table. The engine torque and the load torque are summed and divided by the engine's inertia to find its acceleration. The engine speed is found by integrating its acceleration. This map may be suitable for studying certain steady-state driveline characteristics but lacks any information concerning transient engine performance.
The full dynamic model includes the intake system, gas generator, power turbine, and recuperator models. The gas turbine cycle is shown below in Figure  2 . The numbers represent the thermodynamic states. INTAKE SYSTEM -The intake system consists of an air filter model and a cushioning manifold. The air filter uses a variable area orifice equation. The variable area orifice equation calculates the mass flow and enthalpy flow given the effective area and coefficient of discharge for the air filter and the inlet and outlet pressures and temperatures. The pressure and temperature of the air leaving the intake system is calculated using a single inlet filling and emptying manifold model.
GAS TURBINE -The gas turbine module groups the gas generator module and the power turbine module. The gas generator produces high pressure, high temperature gas to operate the power turbine. As can be seen from Figure 2 , the gas generator consists of low-and high-pressure compressors (LPC, HPC), highand low-pressure turbines (HPT, LPT), and a combustor (Comb).
GAS GENERATOR -
The gas generator compressor and turbine models use steady-state data obtained from TACOM. The data is put into twodimensional matrices so that a map can be generated. Mass flow and efficiency are then described as functions of compressor speed and pressure ratio.
The enthalpy flow into and out of the compressor and the torque to drive the compressor are found from the inlet and outlet states and the efficiency of the compressor [1] . Filling and emptying manifolds are used before and after each compressor and turbine to capture the transient effects on the engine's performance. The inputs to manifolds are the mass and enthalpy flow from the devices on either side of the manifold and the outputs are the resulting pressure and temperature. This type of causality allows the number of compressor or turbine stages to be readily changed.
The combustor is a filling and emptying manifold where the added fuel energy is calculated using the lower heating value (LHV) of the fuel and the fuel consumption rate. The LHV of the fuel is defined by the user. The fuel consumption rate is a function of the maximum fuel rate and the throttle position. The model assumes that all of the fuel is burned as long as the equivalence ratio is less than 1.
POWER TURBINE -
The power turbine converters the high-pressure, high temperature gases from the gas generator to shaft work. The power turbine's output shaft drives the tank's torque converter pump using a gearbox. The power turbine model inputs the pressures and temperatures of its inlet and outlet, as in the other two turbine models, and the load torque from the torque converter pump. The model then outputs the mass and enthalpy flows into and out of the turbine and the speed of the torque converter pump.
RECUPERATOR -The AGT-1500 engine uses a recuperator to increase the overall efficiency of the engine. It is a counterflow heat exchanger where the exhaust gas out of the work turbine is used to preheat the charge air before it enters the combustor. The recuperator model uses emptying and filling manifolds, orifices, and heat transfer models. The heat transfer is calculated using a recuperator effectiveness from data supplied by TACOM. The effectiveness, ε , is defined as,
where epsilon, ε , is constant in this model, since the mass flows are approximately constant. Th and Tc are the temperatures of the "hot" fluid and the "cold" fluid, respectively. The subscript 1 refers to the inlet temperature and the subscript 2 refers to the outlet temperature. The orifice model uses the area and coefficient of discharge to calculate the pressure drop across the recuperator for both fluids. The manifolds calculate the pressures and temperatures of both fluids from their respective mass flows and enthalpies.
Because of the modularity of this engine model, any component could be replaced or modified by the user to facilitate different studies. For example, one or both of the compressor models could be replaced by a detailed computational fluid dynamics model if the effects of blade geometry were being investigated. The same is true for the combustor, recuperator, etc.
TRANSMISSION MODULE
The transmission module used in the M1A1 houses the torque converter, transmission, a hydrostatic steering unit, and hydraulic brakes. Figure 3 illustrates the overall layout of the transmission module. T ra n s R ig h t D riv e S p ro ck e t L e ft D riv e S p ro ck e t R ig h t o u tp u t P l a n e ta ry S e t L e ft O u tp u t P l a n e ta ry S e t R ig h t F in a l D riv e L e ft F in a l D riv e S te e r U n it X1100-3B Transmission module The input shaft of the transmission module is powered by the turbine of the torque converter through three pairs of gears. There is the speed reduction after the torque converter as well as a pair of bevel gears and yet another set of spur gears. The bevel gears are necessary due to the transverse mounting of the transmission.
The transmission then drives the driveshaft through a pair of spur gears.
The end of the driveshaft is fixed to the ring gear of the output planetary gear set on each side of the
is the output of this gear set and drives the sun gear of the final drive planetary gear set. The final drive's planet carrier is its output and is fixed to the drive sprocket. The tracks are then driven by the drive sprockets.
The input shaft of the transmission is fixed to the input shaft of the hydrostatic steer unit and therefore the hydrostatic pump rotates at the same speed as the transmission's input. The hydrostatic motor then drives a planetary gear set, which in turn drives the mechanical steering system to drive the left and right output planetary sun gears.
TORQUE CONVERTER -The torque converter model inputs the speed of the engine and transmission input shaft speed, or pump and turbine speed. The speed ratio is calculated as the pump speed divided by the turbine speed. With the speed ratio, the torque on the turbine can be determined from the k-curves supplied by the torque converter manufacturer. The power lost in the torque converter can also be found from the k-curves. Because the calculation time needed to solve a detailed physical model of a torque converter would be prohibitive, this phenomenological model is used.
The k-curves for the transmission torque converter used in the model were provided by TACOM. TRANSMISSION -The transmission is an automatic unit providing four forward speed ratios and two reverse speed ratios. These speed ratios are accomplished by three planetary gear sets and five clutches. The speed ratios are determined by the combination of engaged and disengaged clutches. This type of transmission configuration is similar to the Allison HT 740. A model of this transmission was developed by Scott Munns [3] for a M915/916 truck. The transmission model is based on the Newtonian equations of the shafts and the nonlinear clutch properties. The model is therefore able to capture the shift dynamics of the transmission. The transmission module accepts an input torque from the input shaft and clutch position commands from the shift logic in the powertrain control module (PCM). The output of the model to the drive shaft is the output shaft speed. DRIVELINE -The driveline consists of two drive shafts, the output planetary gear set, and a final drive planetary gear set. The driveshaft drives the output planetary ring gear and is modeled as a inertialess, flexible shaft with damping. The output planetary gear set is used to power, steer, and brake the vehicle. Figure 4 is a stick diagram of the output and the final drive planetary gear sets as they are in the actual vehicle. Link 1 is the sun gear of the output planetary gear set. This link is powered by the hydrostatic steering motor when the tank is steered. Link 2 is the ring gear driven by the transmission output shaft via the drive shaft. Link 3 is the planet carrier for the output planetary set and sun gear for the final drive planetary set. The brake, C1, is also attached to Link 3. The net torque and speed of Link 3 is determined by the torques and speeds of Links 1, 2, 5, the torque applied by C1, and the inertia of Link 3. The speed of Link 3 can be increased or decreased by driving Link 1 positively or negatively with the hydrostatic steer unit. By driving the left and right side sun gears in opposite directions, the left and right side planet carriers will have a speed differential and the tank will then steer.
The second planetary set, the final drive gear set, is powered by the sun gear (Link 3) which is fixed to the output gear set's planet carrier. The final drive ring gear is fixed to the transmission case, while the final drive planet carrier is the output of this gear set. The final drive planet carrier is fixed to the drive sprockets. This final drive planetary gear set serves as a speed reduction.
In the model, these planetary sets were integrated together and treated as a modified planetary gear set. The major assumptions in the planetary model are that the links are rigid, there is no backlash in the gear sets, and the planets of the planet carrier are effectively massless. Since the ring gear (Link 4) of the final drive planetary is always stationary and the sun gear of the final drive is assumed to be rigidly fixed to the output planet carrier (Link 3), a single equation can be written describing the speed of the drive sprocket. The equation is in terms of the torque applied to Link 3 from Link 2 and C1 and the torque applied to the drive sprocket. This planetary set model integrates the sum of the brake torque (C1), torque on the ring gear (Link 2), and torque on the planet carrier (Link 3). The angular acceleration of the planet carrier is solved by dividing the sum of the torques by the planet carrier set's effective inertia. The effective inertia includes the inertia of Link 3 and Link 4. Because Link 3 and Link 4 are rigid, the acceleration and speed of one link can be determined from the other link. There is then only one independent variable. This can be accomplished because of the assumption that the gears are rigid.
HYDROSTATIC STEERING UNIT -
This type of steering is accomplished by a speed differential between the two tracks. The steering is accomplished by a hydrostatic pump and motor and a mechanical drive system which speeds the sun gears of the output planetary gear set.
The pump is a variable displacement, ninepiston radial unit. The pump's input shaft is fixed to the input shaft of the transmission. The pump speed is equal to the transmission input shaft's speed. The displacement of the pump is determined by the position of the pump's case. The case is known as a hanging ring configuration. The bottom of the case is fixed by a pin. The top of the case is positioned by hydraulic servo pistons. The case then pivots about the bottom pin. By moving the case, the displacement is varied. If the case is vertically centered, all the pistons stroke an equal amount relative to the case and therefore there is no flow out of the pump. This corresponds to zero steer. If the left steer servo piston's displacement is increased to move the ring left, there will be flow out the pump's upper port to the motor. Supply flow from the upper port will cause the motor to rotate in the opposite direction as the pump. The vehicle should then steer left. The opposite will be true if the pump's case is moved right and the flow is out of the bottom port.
The pump is modeled using a combination of physical properties and empirical data. Physical properties include displacement, total volume, and compressibility of the fluid. The inputs to the pump are the input shaft speed, displacement, and fluid pressure. The input shaft speed is determined from the transmission's input speed, as they are equal. The displacement is found from the driver's, or user's, time varying steer commands. Line pressure is fed back to the pump from the motor. The pump then produces an output flow to the motor.
The motor is a fixed displacement, nine piston radial unit. The motor's angular speed and direction are functions of the flow from the pump, as well as the load on the motor's output shaft. The output shaft is fixed to the sun gear of the mechanical drive system for the steering. The motor is modeled in a manner similar to the pump. The inputs to the motor are flow from the pump and the speed of the output shaft. By integrating the net flow into the motor, the pressure can be calculated from the properties of the motor and the fluid.
The mechanical drive necessary to allow the hydrostatic motor to drive the sun gears of the output planetary sets is shown in Figure 3 . The mechanical system is modeled in a manner similar to the main planetary driveline. The first planetary is assumed rigid with no backlash and the mass of the planets of is assumed negligible. The inertia of the planet carrier, the adjacent spur gears, and the left output planetary's sun gear are combined as an equivalent rotating inertia. The cross shaft is modeled as a flexible shaft with damping, but without inertia. The inertia of the final set of spur gears and the right output planetary's sun gear are also combined as an equivalent inertia.
VEHICLE DYNAMICS
The vehicle dynamics model uses simplified models to provide the road load for the powertrain and to estimate the vehicle. The model uses expressions for vehicle rolling resistance, road grade, and aerodynamic drag to find the vehicle's road load. The force of the track is summed with the road load force and divided by the vehicle mass to estimate the vehicle. The vehicle acceleration is integrated to output the vehicle speed. This speed is used in the powertrain control module for the shift logic and the vehicle speed controller. In the final application the M1A1 powertrain model will be dynamically coupled with a more detailed chassis model.
POWERTRAIN CONTROL MODULE
The powertrain control module is analogous to the actual vehicle Powertrain Control Module (PCM) and, in fact, the actual code from a PCM could be installed in the model, if that is desired. The PCM is a great example of the advantage of using a graphical programming language. The controllers used in the PCM are programmed by diagrams that look very similar to classical control block diagrams. By using this strategy any type of controller can be implemented by using the original block diagram schematic. The current module contains the shift schedule and clutch engagement logic, engine speed control, and vehicle speed controller.
The shift schedules are two dimensional look-up tables which determine what gear the vehicle should be in based on the vehicles road speed and the throttle position. These tables can be easily changed to study the effects of alternative shifting schemes. After the appropriate gear is selected from the tables, the shift logic commands the clutch positions based on the clutch engagement and disengagement profiles. The clutch engagement and disengagement profiles are also lookup tables to allow the user to modify them easily.
The engine speed and the vehicle speed controllers are currently proportional feedback controllers. As the model becomes more detailed, additional control logic can easily be implemented.
RESULTS
Ideally, system-level simulations can be useful to assess how individual components of the system affect the entire system. The dynamics of complex systems, such as the M1's powertrain, can be difficult to evaluate analytically. By modeling each component and integrating the components together, the simulation can identify potentially undesirable characteristics. The fluid's bulk modulus was increased by a factor of ten, which approaches incompressibility, to study the affects of the fluid's compressibility on the rest of the model. From the figure, it can be seen that the incompressible fluid model increases the frequency and magnitude of the torque oscillations in the axle, which is expected. Perhaps less obvious, is the longer settling time using the compressible fluid. Although this is a simple example, it may help show the simulation's utility when doing "what if" studies.
CONCLUSION / RECOMMENDATIONS
System-level powertrain models are powerful tools that can significantly reduce vehicle development costs, by providing development engineers with tools that help solve system design issues. By using modular models, the overall system structure and simulation can be easily modified to meet the user's need. Systemlevel models will be used in much greater numbers in the future to help manufacturers and suppliers communicate needs, as design and development tools, and to better understand dynamic component coupling and component effects on overall system operation.
FUTURE WORK
As mentioned above, the AGT-1500 dynamic model is still in the development stage. There is data to validate both the overall engine system and the engine's subsystems, air filters, recuperator, accessories, etc. which will be used to validate the final model.
The energy and thermal management aspects of the M1A1's powertrain system will be the focus of future modeling efforts in the PCRL. Energy management and energy flow are very important in helping engineers understand system-level effects during design exercises.
